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Introduction {#glia23039-sec-0001}
============

The expansion of white matter tracts is among the most striking features of mammalian brain evolution and long‐range connectivity along myelinated tracts is thought to underlie many aspects of higher brain function (Fields et al., [2014](#glia23039-bib-0019){ref-type="ref"}; Nave, [2010](#glia23039-bib-0046){ref-type="ref"}; Zatorre et al., [2012](#glia23039-bib-0073){ref-type="ref"}). The role of myelin for motor‐sensory functions is well recognized, and illustrated by the grave neurological symptoms in patients with severe myelin abnormalities, such as leukodystrophies. In contrast, a potential impact of mildly disturbed myelination in psychiatric diseases is poorly understood. It is unknown, whether subtle alterations in myelin thickness or the number of myelinated axons in cortex and subcortical white matter tracts compromise higher brain functions. Theoretically, such subtle alterations could perturb the millisecond precision crucial for signal propagation in higher brain networks (Uhlhaas and Singer [2012](#glia23039-bib-0067){ref-type="ref"}), thereby explaining the often postulated "disconnectivity" syndromes (Catani and Ffytche, [2005](#glia23039-bib-0009){ref-type="ref"}; Schmahmann et al., [2008](#glia23039-bib-0056){ref-type="ref"}). Psychiatric symptoms have been documented in white matter defects, such as metachromatic leukodystrophy (Hyde et al., [1992](#glia23039-bib-0027){ref-type="ref"}) and multiple sclerosis (Feinstein et al., [2014](#glia23039-bib-0017){ref-type="ref"}). However, the role of oligodendrocyte and myelin defects in higher brain functions and diseases such as schizophrenia is largely unclear (Takahashi et al., [2011](#glia23039-bib-0061){ref-type="ref"}).

Myelin is made by oligodendrocytes as a multilayered membrane sheath and enables rapid axonal impulse propagation (Nave, [2010](#glia23039-bib-0046){ref-type="ref"}). Myelin membranes have a unique composition of lipids and proteins, including abundant structural components of CNS myelin, such as myelin basic protein (MBP), proteolipid protein (PLP), and cyclic nucleotide phosphodiesterase (CNP). MBP is important for myelin membrane compaction and therefore also essential in initiating and driving the axonal wrapping process (Jahn et al., [2009](#glia23039-bib-0028){ref-type="ref"}).

While myelination takes place largely during early postnatal life, there is continuous myelin growth in specific cortical areas, such as prefrontal cortex (PFC), lasting well into adult life (Miller et al., [2012](#glia23039-bib-0044){ref-type="ref"}). Recently, it has been shown that these sparsely myelinated areas regulate myelin growth differently than robustly myelinated subcortical regions, with neuronal activity and social interactions becoming a driving force of PFC development including its underlying white matter (Benes, [1989](#glia23039-bib-0005){ref-type="ref"}; Gibson et al., [2014](#glia23039-bib-0021){ref-type="ref"}; Liu et al., [2012](#glia23039-bib-0038){ref-type="ref"}; Makinodan et al., [2012](#glia23039-bib-0041){ref-type="ref"}; Tomassy et al., [2014](#glia23039-bib-0065){ref-type="ref"}; Uda et al., [2015](#glia23039-bib-0066){ref-type="ref"}).

Numerous reports have highlighted white matter abnormalities in psychiatric patients. This comprises findings by magnetic resonance imaging (MRI) of reduced white matter size and accelerated white matter aging (Balevich et al., [2015](#glia23039-bib-0002){ref-type="ref"}; Kochunov et al., [2013](#glia23039-bib-0032){ref-type="ref"}). Moreover, diffusion tensor imaging (DTI) and magnetic transfer resonance (MTR) have revealed abnormal connectivity and loss of white matter integrity in the corpus callosum of schizophrenia and bipolar patients (Balevich et al., [2015](#glia23039-bib-0002){ref-type="ref"}; Kubicki et al., [2005](#glia23039-bib-0033){ref-type="ref"}; Kubicki et al., [2002](#glia23039-bib-0034){ref-type="ref"}; McIntosh et al., [2008](#glia23039-bib-0043){ref-type="ref"}). Increased numbers of microglia in the proximity of myelinated fibers, suggesting neuroinflammation (Uranova et al., [2011](#glia23039-bib-0068){ref-type="ref"}), and reduced density of oligodendrocytes in PFC were reported in schizophrenia, bipolar disorder and major depression (Uranova et al., [2004](#glia23039-bib-0069){ref-type="ref"}).

Human autopsy material repeatedly revealed a decrease of several structural myelin proteins, such as MBP, and respective mRNAs (Chambers and Perrone‐Bizzozero, [2004](#glia23039-bib-0010){ref-type="ref"}; Dracheva et al., [2006](#glia23039-bib-0014){ref-type="ref"}; Flynn et al., [2003](#glia23039-bib-0020){ref-type="ref"}; Hakak et al., [2001](#glia23039-bib-0023){ref-type="ref"}; Honer et al., [1999](#glia23039-bib-0026){ref-type="ref"}; Matthews et al., [2012](#glia23039-bib-0042){ref-type="ref"}; Parlapani et al., [2009](#glia23039-bib-0048){ref-type="ref"}; Tkachev et al., [2003](#glia23039-bib-0064){ref-type="ref"}). These correlative observations were made decades after disease onset. We also note that long‐term antipsychotic medication is suspected to cause brain atrophy (Bartzokis et al., [2007](#glia23039-bib-0004){ref-type="ref"}; Ho et al., [2011](#glia23039-bib-0025){ref-type="ref"}) which includes myelinated fiber loss, and that pharmacological models of schizophrenia can trigger secondary myelin deficits (Zhang et al., [2012](#glia23039-bib-0074){ref-type="ref"}). Thus, distinguishing cause and consequence of myelin abnormalities in psychiatric disease has remained difficult. Whether mild changes of CNS myelination (in absence of overt neurological disease) affect cortical network functions can theoretically be addressed in animal models. Importantly, hypomyelination in these models must be subtle and not interfere with basic behavior if a causal impact on altered higher brain function shall be established.

Here, we studied mice heterozygous for the oligodendroglial *Mbp* gene, i.e., the healthy‐appearing parents of dysmyelinated homozygous *Shiverer* mice (Chernoff, [1981](#glia23039-bib-0011){ref-type="ref"}; Readhead et al., [1987](#glia23039-bib-0052){ref-type="ref"}; Roach et al., [1985](#glia23039-bib-0053){ref-type="ref"}; Shine et al., [1992](#glia23039-bib-0057){ref-type="ref"}). We report a very subtle hypomyelination phenotype in *Mbp^+/‐^* mice, which is more pronounced in the PFC than in caudal white matter tracts and progresses over time. Importantly, both basic behavior and cognition were normal, but we demonstrate a persistent defect of prepulse inhibition of the startle response (PPI), a surrogate marker for gating defects in human patients with schizophrenia and their first‐degree relatives (Braff et al., [1978](#glia23039-bib-0007){ref-type="ref"}; Kumari et al., [2005](#glia23039-bib-0035){ref-type="ref"}). Moreover, we find late‐onset catatonia and signs of low‐grade inflammation. Our data in mice show that minor myelin abnormalities can be causal of cortical network dysfunctions, in the absence of other behavioral defects. These abnormalities alone can explain some of the pivotal phenotypes common to mental diseases.

Materials and Methods {#glia23039-sec-0002}
=====================

Important Note {#glia23039-sec-0003}
--------------

All experiments were performed by investigators unaware of group assignment ("fully blinded").

Mice {#glia23039-sec-0004}
----

Experiments were approved by the local animal care and use committee. Mice were group‐housed in standard plastic cages with access to food/water ad libitum, 12 h light‐dark‐cycle (light‐on at 7:00 am), 20 − 22°C. Male *Mbp^+/‐^* versus *Mbp^+/+^* mice \[C57BL/6N background; genotyped as previously described (Klugmann et al., [1997](#glia23039-bib-0031){ref-type="ref"})\], and for comparator experiments, *Cnp^+/‐^* versus *Cnp^+/+^* mice (Hagemeyer et al., [2012](#glia23039-bib-0022){ref-type="ref"}), were used.

Behavioral Testing {#glia23039-sec-0005}
------------------

Male *Mbp^+/‐^* versus *Mbp^+/+^* mice (littermates) underwent behavioral testing at 2 age‐periods: 3 − 6 and 17 − 18 months. Experiments were conducted during light phase (9:00 − 17:00) in following order: Elevated plus maze, open field, hole board, prepulse inhibition of the startle response (PPI), rotarod, acoustic startle assessment, grip‐strength, hot‐plate, marble burying, olfaction (buried‐food‐test), visual‐cliff, LABORAS home‐cage observation, social interaction, Y‐maze, sucrose preference, Morris water maze, and novel object recognition. Inter‐test interval was ≥24 h. All tests were conducted as published in detail (Bodda et al., [2013](#glia23039-bib-0006){ref-type="ref"}; Dere et al., [2014](#glia23039-bib-0012){ref-type="ref"}; El‐Kordi et al., [2013](#glia23039-bib-0015){ref-type="ref"}; Moy et al., [2004](#glia23039-bib-0045){ref-type="ref"}; Radyushkin et al., [2010](#glia23039-bib-0051){ref-type="ref"}). Tests yielding significance are described below.

Prepulse Inhibition of the Acoustic Startle Reflex (PPI), Testing Sensorimotor Gating {#glia23039-sec-0006}
-------------------------------------------------------------------------------------

Mice are put in metal cages (82x40x40mm, restricting major movements), placed in sound‐attenuating cabinets. Cages are equipped with a movable platform‐floor attached to a sensor, recording vertical movements (TSE‐Systems). Startle reflexes are evoked by acoustic stimuli delivered by a loudspeaker above the cage, connected to an acoustic generator. The startle reaction to an acoustic stimulus inducing a movement of the force‐sensitive platform is recorded over 260 ms beginning with pulse onset. An experimental session consists of 2‐min habituation to a 65dB continuous background white noise, followed by 1 min baseline recording. Then, 6 pulse‐alone trials (120 dB, 40 ms) are applied to decrease within‐session habituation (not included in 120 dB/40 ms PPI analysis. For PPI, the startle pulse is applied either alone or preceded by a prepulse stimulus of 20‐ms duration and 70‐, 75‐, or 80 dB intensity. A delay of 100 ms with background noise is interposed between prepulse and pulse. Trials are presented in pseudorandom order with variable intervals ranging from 8 to 22 s. The amplitude of the startle response (arbitrary units) is defined as the difference between the maximum force detected during the recording window and that measured immediately before stimulus onset. For each animal, amplitudes are averaged separately for trials with stimulus alone or stimulus preceded by prepulse. PPI is calculated as percentage of startle response using following formula: %PPI = 100‐\[(startle amplitude after prepulse)/(startle amplitude after pulse only)×100\].

Startle Response to 120dB {#glia23039-sec-0007}
-------------------------

Response to startle stimulus of 120dB alone, without any prepulse, and response without stimulus are recorded. The plain startle reaction to an acoustic pulse is a short‐latency reflex mediated by an oligosynaptic neural circuit that includes lower brainstem, spinal and cranial motor neurons, and cerebellum (Kim et al., [2010](#glia23039-bib-0030){ref-type="ref"}; Takeuchi et al., [2001](#glia23039-bib-0062){ref-type="ref"}).

Bar Test for Catatonia {#glia23039-sec-0008}
----------------------

This test was performed as described (Hagemeyer et al., [2012](#glia23039-bib-0022){ref-type="ref"}; Kuschinsky and Hornykiewicz, [1972](#glia23039-bib-0036){ref-type="ref"}) and is illustrated in Supporting Information videos.

MRI And 1H‐MR Spectroscopy (1H‐MRS) {#glia23039-sec-0009}
-----------------------------------

Mice were anesthetized with 5% isoflurane, intubated and kept under 1.75% isoflurane and 5% oxygen by active ventilation with constant respiratory frequency of 85 breaths/min (Animal‐Respirator‐Advanced™, TSE‐Systems). MRI and 1H‐MR spectroscopy (MRS) were performed at a magnetic field strength of 7T (ClinScan, Bruker‐BioSpin). MRI comprised T2‐weighted images (2D‐FSE, TR/TE = 4000/50ms), diffusion‐weighted images (2D‐EPI, TR/TE= 7000/28 ms, 12 directions, *b* = 0/1000s/mm^2^) and 3 differently weighted 3D FLASH based datasets (TR/TE = 28/1.9 ms, flip‐angle = 25° for T1‐weighting and 5° for proton‐weighting, the later with/without additional magnetization‐transfer weighting by Gaussian‐shaped off‐resonance pulses with a flip‐angle of 500° and an off‐resonance frequency of 1200 Hz). Localized proton MR spectra (PRESS, TR/TE= 6000/10 ms) were obtained from a volume‐of‐interest in hippocampus (1.8x0.7x1.8mm^3^), cortex (3.9x0.7x3.2 mm^3^) and corpus callosum (3.9x0.7x1.7 mm^3^). Metabolite quantification involved spectral evaluation by LCModel (Version 6.3‐0G (Provencher, [1993](#glia23039-bib-0050){ref-type="ref"})). Results with Cramer‐Rao lower bounds \>20% were excluded from further analyses. Maps of magnetization transfer ratio (MTR), magnetization saturation (MT~SAT~), and diffusion tensor imaging (DTI) readouts, fractional anisotropy (FA), apparent diffusion coefficient (ADC), axial diffusivity (AD), and radial diffusivity (RD) were calculated using in‐house Matlab scripts (Mathworks).

Electron Microscopy (EM) {#glia23039-sec-0010}
------------------------

Anesthetized mice were perfused intracardially with 15 mL HBSS, followed by 50 mL fixative (2.5% glutaraldehyde, 4% paraformaldehyde in phosphate buffer with 0.5% NaCl). Brains were dissected and 200 μm sagittal sections cut using Leica‐VT1200S Vibratom (Leica‐Microsystems). The genu of the corpus callosum was punched out of the sliced tissue, post‐fixed with 2% OsO~4~ (Science Services), dehydrated with ethanol/propylene oxide and Epon‐embedded (Serva). Semi‐thin sections were stained with methylene blue and AzurII. Ultrathin sections were contrasted with 4% uranyl acetate and lead citrate, scanned via Zeiss EM900 (Zeiss) and digital pictures obtained by wide‐angle dual speed 2K‐CCD‐Camera (TRS). Myelin/axon tracings were performed on EM pictures (≥15/animal) via ImageJ (<http://rsb.info.nih.gov/ij>/). As myelin thickness index and inner tongue ratio, *g*‐ratio and *t*‐ratio were calculated.

Reverse Transcription and Real‐Time PCR {#glia23039-sec-0011}
---------------------------------------

For RNA analysis (PFC/brainstem), tissues were homogenized in Qiazol, chloroform added, samples centrifuged at 12,000*g*, 15 min, 4°C, extractions performed with miRNeasy mini‐kit (QIAGEN), RNA concentration measured via absorbance at OD260nm and purity controlled (OD260/OD280). RNA (200 ng) was mixed with 0.6 pmol oligo dT‐mix, 120 pmol of Random‐Hexamer (Roche) and retro‐transcribed to cDNA with SuperScript®III Reverse‐Transcriptase‐Kit (Life‐Technologies). Derived cDNA (8 ng) was used as template for SYBR GREEN‐based real‐time PCR in Roche LightCycler 480. Samples were assayed in triplicate. Myelin mRNAs were normalized to 18s rRNA, microglia markers to the geometric mean of *Gapdh, β‐Actin, Pbdg*. Following primers were used:

*Mbp* F5′‐ACGGACACCCTTCCAAGTT‐3′ R5′‐GTGTGCCTCACCGTGAAAA‐3′,

*Cnp* F5′‐TAACCCTCCCTTAGCCCCTG‐3′ R5′‐GTCCCTAGCATGTGGCAGCT‐3′,

*Plp* F5′‐GGCTAGGACATCCCGACAAG‐3′ R5′‐GCAAACACCAGGAGCCATACA‐3′,

*18s* F5′‐GCTCTAGAATTACCACAGTTATCCAA‐3′ R5′‐AAATCAGTTATGGTTCCTTTGGTC‐3′

*iNos* F5′‐GGGCTGTCACGGAGATCA‐3′ R5′‐CCATGATGGTCACATTCTGC‐3′

*Tnfα* F5\'‐GCCAACATCCCTACCTCTCC‐3\' R5\'‐CCCCAGGGCAAAGGTAAT‐3\'

*Arginase*1 F5′‐AAGGAAAGTTCCCAGATGTACC‐3′ R5′‐GCAAGCCAATGTACACGATG‐3′

*β‐Actin* F5'‐CTTCCTCCCTGGAGAAGAGC‐3'R5′‐ATGCCACAGGATTCCATACC‐3′

*Gapdh* F5′‐CAATGAATACGGCTACAGCAAC‐3′ R5′‐TTACTCCTTGGAGGCCATGT‐3′

*Pbdg* F5′‐ACAAGATTCTTGATACTGCACTCTCTAAG‐3\' R5′‐CCTTCAGGGAGTGAACAACCA‐3′

Western Blotting {#glia23039-sec-0012}
----------------

Tissue was homogenized in lysis buffer (50 mM Tris/Cl pH7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton x‐100, 0.5% sodium deoxycholate) with addition of freshly prepared protease inhibitors (50 µg/mL Leupeptin, 0.2 mM phenylmethanesulfonylfluoride, 1 mM of activated sodium orthovandate, 30 µg/mL Aprotinin), incubated on ice (30 min) and centrifuged at 9000 rpm, 4°C, 10 min. After determination of protein concentration (Lowry et al., [1951](#glia23039-bib-0039){ref-type="ref"}), samples were mixed with 4X Lämmli‐buffer and incubated at room temperature (30 min). Comparable amounts of total protein/sample were separated on 15% SDS polyacrylamide gels and transferred onto nitrocellulose. Membranes were blocked for ≥1 h at room temperature (Tris‐buffered saline, 1% Tween, 5% powder milk) and incubated overnight at 4°C with primary antibody: anti‐MBP (1:2,000, Dako), anti‐CNPase (1:5,000, Sigma‐Aldrich), anti‐PLP (1 : 500, A431, produced in‐house (Jung et al., [1996](#glia23039-bib-0029){ref-type="ref"}) and anti‐α‐Tubulin (1:10,000, Sigma‐Aldrich). Incubation with secondary antibody, anti‐mouse or anti‐rabbit (1:5000, Rockland) followed for 2 h at room temperature. Bands were detected with Odyssey Infrared Imaging system and quantified via Image‐Studio‐Lite software. Intensities of Mbp, Cnp and Plp were normalized to α‐Tubulin.

Immunohistochemistry {#glia23039-sec-0013}
--------------------

Anaesthetized mice were perfused with 4% paraformaldehyde (PFA), brains stored at −80°C. Coronal sections (30 µm) were immunolabeled for microglia marker anti‐Iba1 (ionized calcium‐binding adapter molecule 1; Wako, 1:1000 in 3% normal horse serum/0.5% TritonX‐100), followed by donkey anti‐rabbit antibody (R&D System, 594nm). Cell nuclei were counterstained with DAPI (4′,6‐diamidino‐2‐phenylindole 1:10000, Sigma‐Aldrich). Brain slices were scanned with inverted epifluorescence microscope (LEICA, DMI 6000B) and analyses performed with IMARIS software (<http://www.bitplane.com>/) and Fiji (<http://fiji.sc/Fiji>).

Statistical Analysis {#glia23039-sec-0014}
--------------------

Between‐group comparisons were performed using t‐test for independent samples and 2‐way analysis of variance (ANOVA or repeated‐measures ANOVA). Mann‐Whitney U and Wilcoxon tests were applied when normality assumption was violated (Kolmogorov‐Smirnov test). All statistics were performed using Prism GraphPad software or MatLab scripts (Mathworks). Data are expressed as mean ± SEM, *P* values \<0.05 considered significant.

Results {#glia23039-sec-0015}
=======

Heterozygous *Mbp^+/‐^* mice were long‐lived, of normal body size, and without obvious abnormalities, including cage behavior and litter sizes, in agreement with classical studies of *Shiverer* (*Mbp* ^‐/‐^) mice (Chernoff, [1981](#glia23039-bib-0011){ref-type="ref"}; Readhead et al., [1987](#glia23039-bib-0052){ref-type="ref"}; Roach et al., [1985](#glia23039-bib-0053){ref-type="ref"}; Shine et al., [1992](#glia23039-bib-0057){ref-type="ref"}). At much lower level of *Mbp* expression (in partly complemented *Mbp*‐transgenic *Shiverer* mice) Mbp is rate‐limiting for myelination (Readhead et al., [1987](#glia23039-bib-0052){ref-type="ref"}). Thus, we hypothesized that also *Mbp^+/‐^* mice might exhibit subtle defects of white matter formation, previously overlooked.

Spatio‐Temporal Differences of Myelin Gene Expression {#glia23039-sec-0016}
-----------------------------------------------------

We quantified steady‐state mRNA levels for the major myelin‐specific proteins in PFC and brainstem (Fig. [1](#glia23039-fig-0001){ref-type="fig"}A--C). *Plp1* and *Cnp* mRNA, taken as indicator of oligodendrocyte number and differentiation, did not reveal any appreciable difference between *Mbp^+/‐^* and *Mbp^+/+^* mice. Since oligodendrocytes do not die in *Shiverer* mice (Bu et al., [2004](#glia23039-bib-0008){ref-type="ref"}; Rosenbluth, [1980](#glia23039-bib-0054){ref-type="ref"}), *Plp1* and *Cnp* mRNA data confirmed that oligodendrocyte numbers are unchanged in aged *Mbp^+/‐^* mice. In agreement with decreased *Mbp* gene dosage, *Mbp* mRNA was reduced by about 50% in *Mbp^+/‐^* mice throughout postnatal development. Interestingly, at 20 months, this difference vanished (significance lost), both in PFC and brainstem (Fig. [1](#glia23039-fig-0001){ref-type="fig"}A). Thus, at older age, *Mbp* gene dosage appears no longer rate‐limiting for *Mbp* mRNA abundance.

![Myelin gene expression (mRNA, protein) in prefrontal cortex and brainstem of *Mbp^+/‐^* versus *Mbp^+/+^* mice at 3 different ages. A: *Mbp*/Mbp, B: *Cnp*/Cnp, C: *Plp*/Plp. N = 4 per group; 2‐sided t‐tests, mean ± SEM presented.](GLIA-64-2025-g001){#glia23039-fig-0001}

Mbp protein was reduced in tissue lysates by 50% in 3‐ and 6‐month‐old *Mbp^+/‐^* mice, confirming previous studies (Barbarese et al., [1983](#glia23039-bib-0003){ref-type="ref"}). Plp/Dm20 and Cnp (normalized to α‐tubulin) were not different in *Mbp^+/‐^* mice, in line with mRNA data. However, in older mice (20 months), the Mbp content began to differ between brain regions. In the PFC, *Mbp^+/‐^* mice expressed \<25% of Mbp compared to *Mbp^+/+^*, accompanied by a reduction of CNP by about 50%. In contrast, no further Mbp decrease was detected in brainstem (Fig. [1](#glia23039-fig-0001){ref-type="fig"}A--C). By EM, CNS myelin was well compacted and without obvious pathology (example in Fig. [2](#glia23039-fig-0002){ref-type="fig"}).

![**Hypomyelination phenotype in the corpus callosum detected by magnetic resonance imaging (MRI) and electron microscopy (EM). A**: Sagittal MRI pictures illustrating subtle white matter reduction in CC (corpus callosum) and CB (cerebellum) of *Mbp^+/‐^* versus *Mbp^+/+^* mice. **B**: Quantification of corpus callosum MRI data of 6 and 18 months old *Mbp^+/‐^* versus *Mbp^+/+^*, mice demonstrating reduction in volume, as well as in MT~SAT~ and MTR, and increase in T1 relaxation, together consistent with a discrete hypomyelination phenotype in *Mbp^+/‐^* versus *Mbp^+/+^* mice. N numbers are given in the bars; 2‐sided t‐tests, mean ± SEM presented. **C**: EM data of 20 month‐old mice, showing in *Mbp^+/‐^* mice borderline reduced overall myelin sheath thickness, which reaches significance in small caliber axons. No changes are seen in % of non‐myelinated axons, inner tongue size, or mean axon calibers. A = axon diameter; M = myelin + axon diameter; T = inner tongue + axon diameter; t‐ratio = A/T; g‐ratio = A/A+(M‐T); N = 3 per genotype; 2‐sided t‐tests, mean ± SEM presented.](GLIA-64-2025-g002){#glia23039-fig-0002}

Subtle White Matter Defects Revealed by MRI And ^1^H‐NMR Spectroscopy {#glia23039-sec-0017}
---------------------------------------------------------------------

The qualitative inspection of T2‐weighted MR images revealed minor thinning of the corpus callosum in 6 and 18 month‐old *Mbp^+/‐^* compared to *Mbp^+/+^* mice, associated with general mild reduction of white to grey matter contrast (Fig. [2](#glia23039-fig-0002){ref-type="fig"}A). Volume decrease together with 4% reduction of MTR indicates lower myelin content per pixel in *Mbp^+/‐^* mice. This difference in MTR becomes even more evident when considering the observed 10% increase in T1 relaxation time. Due to the known dependence of MTR from T1 (Henkelman et al., [2001](#glia23039-bib-0024){ref-type="ref"}), this corresponds to a reduction of MT~SAT~ by 20% in the corpus callosum of *Mbp^+/‐^* mice, both at 6 and 18 months (Fig. [2](#glia23039-fig-0002){ref-type="fig"}B, Table [1](#glia23039-tbl-0001){ref-type="table-wrap"}). MT~SAT~ increased with age, independent of genotype. Microstructural changes in neuronal fibers were analyzed by DTI. Upon aging, DTI of the corpus callosum revealed mild increase in FA in combination with minor decrease of AD, RD, and ADC (Table [1](#glia23039-tbl-0001){ref-type="table-wrap"}). However, all these changes were not *Mbp* genotype‐dependent.

###### 

Brain Volume, Axonal Fiber Structure and White Matter Integrity of Mbp^+/‐^ and Mbp^+/+^ Compared by MRI

                                                                                            6 months        18 months      6 months vs. 18 months (*P* values)                                                                             
  -------------------------------------------------- -------------------------------------- --------------- -------------- ------------------------------------- -------------- --------------- --------------- --------------- ---------- ------
  Volumetry (mm^3^)                                  Ventricles                             10.73 ± 0.38    11.76 ± 0.48   0.1                                   11.96 ± 0.53   12.57 ± 0.65    0.49            0.13            0.44       0.56
                                                     Cerebellum                             59.9 ± 0.67     61.02 ± 0.64   0.24                                  59.16 ± 0.73   57.89 ± 1.03    0.34            0.93            0.03       0.17
                                                     Olfactory Bulb                         26.27 ± 0.44    26.76 ± 0.3    0.37                                  27.48 ± 0.28   27.07 ± 0.16    0.07            0.78            0.07       0.09
                                                     Brainstem                              58.8 ± 1.12     52.99 ± 1.77   0.01                                  62.35 ± 2.35   61.39 ± 2       0.32            0.17            0.002      0.36
                                                     Brain Matter (excluded the previous)   315.2 ± 3.92    314.4 ± 3.1    0.88                                  323.6 ± 2.5    314.8 ± 3.81    0.07            0.19            0.22       0.26
                                                                                                                                                                                                                                           
  Fractional Anisotropy                              Corpus Callosum                        0.34 ± 0.006    0.35 ± 0.004   0.17                                  0.37 ± 0.008   0.36 ± 0.011    0.7             0.87            0.02       0.17
  Radial Diffusivity (·10^−6^ mm^2^/s)                                                      546 ± 6.3       556 ± 1.1      0.07                                  506 ± 12       516 ± 9.7       0.32            0.11            \<0.0001   0.52
  Axial Diffusivity (·10^−6^ mm^2^/s)                                                       908 ± 11        963 ± 12       0.03                                  905 ± 15       897 ± 13        0.71            0.09            0.02       0.03
  Apparent Diffusion Coefficient (·10^−6^ mm^2^/s)                                          667 ± 7         700 ± 11       0.01                                  639 ± 12.2     619 ± 27        0.7             0.72            0.005      0.15
                                                                                                                                                                                                                                           
  Magnetization Transfer Ratio                       Corpus Callosum                        0.67 ± 0.004    0.64 ± 0.003   **0.001**                             0.67 ± 0.002   0.65 ± 0.004    **\< 0.0001**   **\< 0.0001**   0.03       0.9
  Magnetization Transfer Saturation                  0.05 ± 0.0005                          0.04 ± 0.0004   **0.0001**     0.06 ± 0.002                          0.04 ± 0.001   **\< 0.0001**   **\< 0.0001**   0.0002          0.42       
  T1 Relaxation                                      1353 ± 21                              1509 ± 19       **0.001**      1322 ± 88                             1450 ± 18      **\< 0.0001**   0.005           0.36            0.78       

Bolded *P* values, "survived" multiple testing adjustment via Bonferroni (MT and DTI: 7 parameters evaluated in one brain region).

By 1H‐MRS, reduced *Mbp* gene dosage had a small but (nominally) significant impact on brain metabolism. Most pronounced at 18 months, we noted increases in *myo*‐inositol, taurine and total creatine in cortex and corpus callosum of *Mbp^+/‐^* compared to *Mbp^+/+^* mice (Table [2](#glia23039-tbl-0002){ref-type="table-wrap"}). Since we found no difference for the neuronal marker NAA, and an increase in taurine (a potential neuroprotective agent (El Idrissi and Trenkner [1999](#glia23039-bib-0016){ref-type="ref"})), *myo*‐inositol elevation likely reflects age‐dependent microglial activation in *Mbp^+/‐^* mice (Badar‐Goffer et al., [1992](#glia23039-bib-0001){ref-type="ref"}; Ross et al., [1997](#glia23039-bib-0055){ref-type="ref"}), and also total creatine would support glial changes (Urenjak et al., [1993](#glia23039-bib-0070){ref-type="ref"}).

###### 

Metabolic Alterations in the Brain of Mbp^+/‐^ Versus Mbp^+/+^ Mice Measured by 1H‐MRS

                                   6 months       18 months      6 months vs. 18 months (*P* values)                                                                        
  -------------- ----------------- -------------- -------------- ------------------------------------- ------------- -------------- ----------- ----------- --------------- -------
  Myo‐inositol   Cortex            3.49 ± 0.12    3.62 ± 0.1     0.44                                  3.25 ± 0.12   3.59 ± 0.1     0.02        0.05        0.24            0.36
                 Corpus Callosum   3.65 ± 0.06    3.77 ± 0.08    0.09                                  3.71 ± 0.11   4.15 ± 0.14    0.01        0.016       0.06            0.16
                 Hippocampus       4.67 ± 0.16    4.62 ± 0.22    0.85                                  4.63 ± 0.17   5.04 ± 0.23    0.1         0.38        0.36            0.26
                                                                                                                                                                            
  Taurine        Cortex            10.54 ± 0.21   11.17 ± 0.34   0.17                                  9.21 ± 0.35   10.48 ± 0.22   0.006       **0.001**   **0.0008**      0.27
                 Corpus Callosum   10.18 ± 0.16   9.848 ± 0.2    0.3                                   9.71 ± 0.22   10.46 ± 0.15   0.007       0.26        0.7             0.004
                 Hippocampus       11.18 ± 0.22   11.62 ± 0.35   0.28                                  11.6 ± 0.24   12.02 ± 0.36   0.45        0.17        0.19            0.98
                                                                                                                                                                            
  Choline        Cortex            1.24 ± 0.04    1.4 ± 0.13     0.34                                  1.2 ± 0.05    1.2 ± 0.04     0.49        0.14        0.14            0.34
                 Corpus Callosum   1.2 ± 0.02     1.19 ± 0.03    0.74                                  1.31 ± 0.06   1.32 ± 0.05    0.87        0.99        0.02            0.79
                 Hippocampus       1.14 ± 0.04    1.2 ± 0.03     0.21                                  1.19 ± 0.07   1.22 ± 0.06    0.98        0.42        0.53            0.75
                                                                                                                                                                            
  tCreatine      Cortex            7.03 ± 0.16    7.44 ± 0.25    0.45                                  6.83 ± 0.22   7.55 ± 0.08    **0.002**   0.003       0.82            0.39
                 Corpus Callosum   7.72 ± 0.1     7.66 ± 0.11    0.77                                  8.07 ± 0.11   8.4 ± 0.08     0.02        0.21        **\< 0.0001**   0.06
                 Hippocampus       8.2 ± 0.12     8.33 ± 0.17    0.53                                  8.57 ± 0.29   8.96 ± 0.21    0.06        0.24        0.025           0.56
                                                                                                                                                                            
  tNAA           Cortex            8.22 ± 0.18    8.62 ± 0.14    0.1                                   8.27 ± 0.3    8.69 ± 0.12    0.6         0.05        0.76            0.95
                 Corpus Callosum   8.06 ± 0.12    7.9 ± 0.11     0.48                                  7.99 ± 0.12   8.21 ± 0.11    0.19        0.66        0.41            0.16
                 Hippocampus       7.5 ± 0.1      7.39 ± 0.17    0.55                                  7.64 ± 0.14   7.87 ± 0.2     0.62        0.73        0.07            0.3

Bolded *P* values "survived" testing adjustment via Bonferroni (10 comparisons: 5 metabolites and 2 time points per brain region).

Ultrastructure of CNS Myelin {#glia23039-sec-0018}
----------------------------

To assess morphological correlates of reduced *Mbp* expression at the EM level, we analyzed the rostral corpus callosum in 18 month‐old mice (Fig. [2](#glia23039-fig-0002){ref-type="fig"}C). Myelinated axons in cross‐sections showed regularly compacted sheaths and no genotype‐related pathology. Quantification revealed (as expected for EM micrographs) significant heterogeneity between subregions. This could explain why the percentage of myelinated axons or inner tongue size did not yield statistically significant differences between *Mbp^+/‐^* and *Mbp^+/+^* mice. Whereas g‐ratio measurements showed just a tendency of overall reduction of myelin sheath thickness in *Mbp^+/‐^* mice, reduced myelin sheath thickness of small caliber axons (\<0.6 µm) was significant.

Microglial Cells in the Corpus Callosum {#glia23039-sec-0019}
---------------------------------------

Since elevated *myo*‐inositol has been associated with microgliosis (Badar‐Goffer et al., [1992](#glia23039-bib-0001){ref-type="ref"}; Ross et al., [1997](#glia23039-bib-0055){ref-type="ref"}), we immunostained brain sections of 14‐month‐old mice for Iba1, a microglia/macrophage‐specific cytosolic protein. When quantified in rostral corpus callosum, an approximately 30% increase in Iba1+ cells was found in *Mbp^+/‐^* compared to *Mbp^+/+^* mice. Notably, there was no obvious change of microglial morphology from the ramified appearance. Activation of microglia/macrophages is supported by a 2‐fold increase in TNF‐alpha mRNA in PFC of *Mbp^+/‐^* (Fig. [3](#glia23039-fig-0003){ref-type="fig"}A--E). A similar picture of low‐grade inflammation, including *myo*‐inositol increase and microgliosis as shown here for *Mbp^+/‐^* mice, was found in 18 month‐old *Cnp^+/‐^* mice (Fig. [3](#glia23039-fig-0003){ref-type="fig"}F--G and (Hagemeyer et al., [2012](#glia23039-bib-0022){ref-type="ref"})). We note that in aging *Mbp^+/‐^* mice, Cnp was reduced by 50% in the PFC (see above).

![**Low‐grade inflammatory phenotype in the PFC/frontal corpus callosum of *Mbp^+/‐^* mice revealed by magnetic resonance spectroscopy (MRS), microglia counts and TNF‐alpha mRNA**. **A**: *Myo*‐inositol enhancement in *Mbp^+/‐^* mice, prominent upon aging; **B, C**: Iba1+ cell increase in 14 month‐old *Mbp^+/‐^* mice; **D**: Representative section scanned for Iba1+ cell counting; **E**: Elevated TNF‐alpha mRNA expression in 18 month‐old *Mbp^+/‐^* versus *Mbp^+/+^* mice. N numbers given in the bars; 2‐sided t‐tests, mean ± SEM presented**. F‐G: Single myelin gene‐dose reductions *(Mbp, Cnp)* can result in strikingly similar low‐grade inflammation phenotypes**: Note the highly comparable findings in aging *Cnp* **^*+/‐*^** mice: Increase in *myo‐*inositol (MRS), and in Iba1+ cells in the frontal corpus callosum. N numbers given in the bars; 2‐sided t‐tests, mean ± SEM presented.\[TQ3\]](GLIA-64-2025-g003){#glia23039-fig-0003}

Behavioral Consequences of a Subtle Hypomyelination Phenotype {#glia23039-sec-0020}
-------------------------------------------------------------

To clarify whether the subtle hypomyelination phenotype found in *Mbp^+/‐^* mice is by itself the cause of behavioral abnormalities in absence of overt neurological deficits, several cohorts of male mice underwent comprehensive behavioral testing. As listed in Table [3](#glia23039-tbl-0003){ref-type="table-wrap"}, *Mbp^+/‐^* mice showed normal sensory and motor functions as well as anxiety‐like behavior, tested in elevated plus maze and open field. There were no signs of anhedonia, compulsive or abnormal home‐cage behavior. Sociability and learning abilities were similar between genotypes. However, *Mbp^+/‐^* mice showed persistent impairment in PPI (Fig. [4](#glia23039-fig-0004){ref-type="fig"}A,B). PPI deficit is among the most reliable objective features of severe psychiatric diseases and as such one of the most relevant translational phenotypes (Braff et al., [1978](#glia23039-bib-0007){ref-type="ref"}; Fendt and Koch [2013](#glia23039-bib-0018){ref-type="ref"}; Kumari et al., [2005](#glia23039-bib-0035){ref-type="ref"}). The herewith documented network dysfunction likely affects the ability to adequately filter and interpret environmental stimuli, a common trait in psychiatric disorders. Another network function, the plain startle response, a measure of cerebellar reflex circuitry, tended to be lower in *Mbp^+/‐^* mice at 3 months, and was reduced at 17 months (Fig. [4](#glia23039-fig-0004){ref-type="fig"}C). Importantly, *Mbp^+/‐^* mice exhibited upon aging (\>16 months) an increasingly catatonic phenotype (Fig. [4](#glia23039-fig-0004){ref-type="fig"}D,E, Supp. Info. videos), reminiscent of that described earlier in aged *Cnp^+/‐^* mice (Hagemeyer et al., [2012](#glia23039-bib-0022){ref-type="ref"}). Together, our behavioral data demonstrate that the isolated *Mbp*/Mbp reduction of *Mbp^+/‐^* mice is sufficient to induce measurable network dysfunction in both PFC (PPI) and brainstem (startle), as well as age‐related catatonia (frontal corpus callosum), all mental disease‐typical features.

###### 

Behavioral Phenotyping of Male Mbp^+/‐^ Versus Mbp^+/+^ Mice at 3 and 17 Months of Age

                                                        3 months   17 months                                                                                                              
  ----------------------------------------------------- ---------- ----------- ------------- ------------- ------------------------------------- ---- ---- -------------- --------------- ------------------------------------
  Anxiety and activity                                                                                                                                                                    
  Elevated plus maze (time close arm \[s\])             22         34          176 ± 9       166 ± 10      0.67                                                                           
  Elevated plus maze (time open arm \[s\])              22         34          31 ± 5        31.28 ± 5     0.79                                                                           
  Elevated plus maze (time centre \[s\])                22         34          75 ± 8        78 ± 5        0.67                                                                           
  Elevated plus maze (total distance \[m\])             22         34          10.1 ± 0.3    9.46 ± 0.51   0.6                                                                            
  Elevated plus maze (average speed \[mm/s\])           22         34          31.8 ± 1.5    33.8 ± 1.2    0.31                                                                           
  Open field (total distance \[m\])                     22         34          48 ± 1.6      47.6 ± 1.4    0.72                                  22   33   36.43 ± 1.4    37.2 ± 1.5      0.83
  Open field (average velocity \[mm/s\])                22         34          116.2 ± 3.4   115.3 ± 3.4   0.6                                   22   33   87.32 ± 3.4    89.13 ± 3.7     0.87
  Open field (periphery \[s\])                          22         34          341 ± 9       341 ± 7       0.77                                  22   33   377 ± 6        374 ± 5         0.92
  Open field (intermediate \[s\])                       22         34          60 ± 7        60 ± 5        0.71                                  22   33   33 ± 4         34 ± 4          0.81
  Open field (centre \[s\])                             22         34          19 ± 2        19 ± 2        0.9                                   22   33   9 ± 2          11 ± 2          0.62
  Open field (latency to the periphery \[s\])           22         34          16 ± 4        15 ± 2        0.21                                  22   33   27 ± 9         30 ± 6          0.34
  Exploratory behavior                                                                                                                                                                    
  Hole board (holes visited \[n\])                      22         34          5 ± 1         6 ± 1         0.38                                                                           
  Impulsivity                                                                                                                                                                             
  Marble burying (marble buried \[n\])                  22         34          7.23 ± 1.14   7.1 ± 0.92    0.9                                                                            
  Motor learning and coordination                                                                                                                                                         
  Rota‐rod day 1 (latency to fall \[s\])                22         34          123 ±15       140 ± 17      0.87                                  22   33   81 ± 15        96 ± 10         0.23
  Rota‐rod day 2 (latency to fall \[s\])                22         34          214 ± 18      208 ± 15      0.79                                                                           
  Muscle strength                                                                                                                                                                         
  Grip strength \[p\]                                   22         34          142 ± 3       139 ± 2       0.41                                                                           
  Heat/pain perception                                                                                                                                                                    
  Hot plate (latency to lick \[s\])                     22         34          15 ± 1        16 ± 1        0.15                                                                           
  Sight                                                                                                                                                                                   
  Visual cliff (latency in the "air" \[%\])             22         34          36 ± 4        34 ± 3        0.57                                  22   33   35 ± 4         26 ± 4          0.11
  Olfaction                                                                                                                                                                               
  Buried food test (digging latency \[s\])              22         34          87 ± 21       74 ± 13       0.88                                                                           
  Hearing                                                                                                                                                                                 
  Hearing (startle amplitude \[AU\])                    22         34                                      Genotype *p* = 0.6 dB p \<0.0001      12   16                                  Genotype *p* = 0.505 dB p\>0.0001
  Anhedonia                                                                                                                                                                               
  Sucrose preference test \[%\]                         22         34          74 ± 2        74 ± 2        0.89                                                                           
  Homecage behavior                                                                                                                                                                       
  LABORAS (climbing \[s\])                                                                                                                       10   16   2188 ± 429     2480 ± 419      0.64
  LABORAS (grooming \[s\])                                                                                                                       10   16   5363 ± 463     4899 ± 457      0.5
  LABORAS (locomotion \[s\])                                                                                                                     10   16   2734 ± 295     2859 ± 374      0.85
  LABORAS (drinking \[s\])                                                                                                                       10   16   84.5 ± 23      260 ± 56        0.12
  LABORAS (eating \[s\])                                                                                                                         10   16   2468 ± 362     2486 ± 272      0.85
  LABORAS (scratching \[s\])                                                                                                                     10   16   1065 ± 120     869 ± 217       0.73
  LABORAS (circular movements \[s\])                                                                                                             10   16   541.5 ± 59.2   711.9 ± 107.1   0.51
  Sociability                                                                                                                                                                             
  Three‐chambered social test (sociability \[%\])       22         34          62 ± 2        63 ± 2        0.81                                            ‐              ‐               ‐
  Learning and memory                                                                                                                            22   33                                  
  Morris water maze, training (escape latency \[s\])    22         34                                      Genotype *p* = 0.63 Time p \<0.0001                                            Genotype *p* = 0.69 Time p\<0.0001
  Probe trial ‐ time in target zone \[%\]               22         34          41 ± 2        45 ± 2        0.17                                  22   33   47 ± 2         54 ± 2          0.09
  Escaping latency ‐ reversal \[s\]                     22         34                                      Genotype *p* = 0.28 Day p\<0.0001     22   33                                  Genotype *p* = 0.17 Day p\<0.0001
  Probe trial reversal ‐ time in target zone \[%\]      22         34          33 ± 2        32.7 ± 2      0.54                                  22   33   41 ± 2         43 ± 2          0.3
  Novel object recognition (novelty preference \[%\])   22         34          59 ± 3        58 ± 3        0.81                                                                           
  Y‐maze (alternation index \[\#\])                     22         34          0.7 ± 0.05    0.8 ± 0.03    0.63                                                                           

![**Behavioral abnormalities of *Mbp^+/‐^* mice reveal a mental disease‐relevant phenotype.** A: Prepulse inhibition of the startle response (PPI), experimental design. **B**: PPI and **C**: startle response reduction in *Mbp^+/‐^* mice. **D**: Catatonia in old *Mbp^+/‐^* mice, quantification of time (latency) on the bar; **E**: Illustrating photograph with typical catatonic posture. N numbers given in the bars; 2‐sided t‐tests, mean ± SEM presented.](GLIA-64-2025-g004){#glia23039-fig-0004}

Discussion {#glia23039-sec-0021}
==========

In human patients with psychiatric diseases, numerous MRI and post‐mortem findings have been published that point to subtle white matter abnormalities and myelin loss (Balevich et al., [2015](#glia23039-bib-0002){ref-type="ref"}; Chambers and Perrone‐Bizzozero, [2004](#glia23039-bib-0010){ref-type="ref"}; Dracheva et al., [2006](#glia23039-bib-0014){ref-type="ref"}; Flynn et al., [2003](#glia23039-bib-0020){ref-type="ref"}; Hakak et al., [2001](#glia23039-bib-0023){ref-type="ref"}; Honer et al., [1999](#glia23039-bib-0026){ref-type="ref"}; Kochunov et al., [2013](#glia23039-bib-0032){ref-type="ref"}; Kubicki et al., [2005](#glia23039-bib-0033){ref-type="ref"}; Kubicki et al., [2002](#glia23039-bib-0034){ref-type="ref"}; Matthews et al., [2012](#glia23039-bib-0042){ref-type="ref"}; McIntosh et al., [2008](#glia23039-bib-0043){ref-type="ref"}; Parlapani et al., [2009](#glia23039-bib-0048){ref-type="ref"}; Tkachev et al., [2003](#glia23039-bib-0064){ref-type="ref"}). However, once complex diseases such as schizophrenia become clinically manifest it is virtually impossible to distinguish cause and consequence of correlative findings. While minor defects of subcortical myelination are unlikely the sole cause of a complex psychiatric disorder, the failure to adequately myelinate cortical fibers is an obvious risk factor for long‐range connectivity and may play a causal role when combined with other genetic and environmental risk factors or aging (Nave and Ehrenreich, [2014](#glia23039-bib-0047){ref-type="ref"}). On the other hand, clinical and autopsy findings of white matter loss could be merely secondary effects in a long‐lasting disease process that primarily perturbs the neuronal circuitry. Myelination defects could finally be secondary after years of pharmacological treatment (Bartzokis et al., [2007](#glia23039-bib-0004){ref-type="ref"}; Ho et al., [2011](#glia23039-bib-0025){ref-type="ref"}). All these scenarios are not strictly alternative and might act in combination. Mechanistic insight into any of these key variables requires well‐defined experimental animal models.

In the present study we addressed the potentially primary role of minor myelination defects for behavior and brain network function. We comprehensively reanalyzed the phenotype of "healthy" *Mbp* heterozygous *Shiverer* mice, a classical line of natural mouse mutants, in which only *Mbp* homozygous mice are dysmyelinated and exhibit severe neurological defects (Chernoff, [1981](#glia23039-bib-0011){ref-type="ref"}). Contrary to the early literature with its focus on the homozygous phenotype, we found that central myelination of *Mbp* heterozygous mice is not identical to wildtype controls. Upon gross histological analysis, and when judged by cage‐behavior, *Mbp^+/‐^* mice cannot be distinguished from *Mbp^+/+^* littermates. However, the detailed analysis at biochemical, histological, electron microscopic, MRI/MRS, and behavioral level, revealed intriguing differences. This includes a mild hypomyelination of the PFC, with signs of microglial activation, combined with prepulse inhibition (PPI) deficits and clinical signs of catatonia upon aging in the presence of otherwise normal behavioral performance.

The principle finding (by histology and MRI) is a subtle hypomyelination of the PFC of adult mice and a thinning of the underlying corpus callosum, i.e., regions relevant for cognitive functions and catatonia. Oligodendrocytes were probably not diminished in number, as suggested by unaltered mRNA abundance of myelin protein genes (except for *Mbp* itself), indicating that hypomyelination is unlikely caused by a paucity of mature oligodendrocytes.

Our attempt to confirm the histologically documented hypomyelination by EM as a reduction of myelin sheath thickness yielded only borderline significance, except for small caliber fibers which had a larger g‐ratio. This supports an alternative working model, in which myelination by *Mbp* heterozygous oligodendrocytes is less efficient at an early stage of ensheathment. For example, a small fraction of oligodendroglial processes might normally contact axons and initiate myelination, but then fail to continue wrapping and instead retract, which would lead to a reduced number of myelinated internodes. This model is compatible with current concepts of CNS myelination and the role of activity‐dependent *Mbp* mRNA translation at the tip of an oligodendrocyte process (Wake et al., [2011](#glia23039-bib-0071){ref-type="ref"}). Here, Mbp is essential in stabilizing the first membrane wraps that have been deposited in order for myelination to proceed (Simons and Nave, [2016](#glia23039-bib-0058){ref-type="ref"}; Snaidero et al., [2014](#glia23039-bib-0059){ref-type="ref"}). We further note that in wild type mice, axons of cortical projection neurons are often incompletely myelinated along their length (Tomassy et al., [2014](#glia23039-bib-0065){ref-type="ref"}). This suggests that myelination signals in the cortex are indeed weak in comparison to other CNS regions, such as spinal cord or optic nerve, where virtually all axons are fully myelinated at late postnatal stages. We therefore propose that translating 50% *Mbp* mRNA (in *Mbp^+/‐^* mice) may be sufficient for oligodendrocytes in the spinal cord, which are exposed to strong axonal signals, to stabilize the initial wraps and robustly myelinate axons. Thus, in *Mbp* heterozygous oligodendrocytes of the PFC myelination may be inefficient because here axonal signals, including their spiking activity, are weak compared e.g. to the spinal cord. Such a working model is clearly speculative, but fully compatible with experimental observations in other labs (Lundgaard et al., [2013](#glia23039-bib-0040){ref-type="ref"}; Tomassy et al., [2014](#glia23039-bib-0065){ref-type="ref"}; Wake et al., [2011](#glia23039-bib-0071){ref-type="ref"}). It could explain why at higher age the amount of Mbp in the PFC of heterozygotes has dropped below the expected 50%. This differs from the brainstem, where axonal activity is less likely to decrease with age and where myelination remains robust. Our data also match prior experiments in wild type mice, which have shown that reduced social activity during postnatal development has a negative impact on myelination, specifically of the PFC and its underlying white matter (Liu et al., [2012](#glia23039-bib-0038){ref-type="ref"}; Makinodan et al., [2012](#glia23039-bib-0041){ref-type="ref"}). Collectively, these *in vivo* observations support the idea that cortical myelination is stimulated by neuronal activity, and that the strength of this signal differs between CNS regions and presumably at different stages of life.

By 1H‐MRS, we detected elevated *myo*‐inositol levels in white matter that corresponded to the histologically determined increase in microglial cells and elevated TNF‐alpha expression. We have no evidence for underlying axonal degeneration in white matter tracts, or that low‐grade microglial activation is a response to the assembly of unstable myelin, as by electron microscopy compact myelin appears fully stable with only 50% Mbp incorporated. Interestingly, neuroinflammation in white matter tracts is a major feature of mice homozygous and heterozygous null for the *Cnp* gene (Hagemeyer et al., [2012](#glia23039-bib-0022){ref-type="ref"}; Lappe‐Siefke et al., [2003](#glia23039-bib-0037){ref-type="ref"}), and we measured at the protein level a 50% reduction of Cnp (but not Plp) in the cortex of aged *Mbp^+/‐^* mice. Cnp is a structural protein of non‐compacted myelin that antagonizes MBP during myelin compaction by maintaining "myelinic channels" open (Snaidero et al., [2014](#glia23039-bib-0059){ref-type="ref"}). The mechanism of reduced Cnp/CNP in cortical white matter of *Mbp^+/‐^* mice or in autopsy material from patients with schizophrenia (Dracheva et al., [2006](#glia23039-bib-0014){ref-type="ref"}; Flynn et al., [2003](#glia23039-bib-0020){ref-type="ref"}; Hakak et al., [2001](#glia23039-bib-0023){ref-type="ref"}; Prabakaran et al., [2004](#glia23039-bib-0049){ref-type="ref"}) is unknown. However, it is plausible that loss of Cnp/CNP‐dependent metabolic support for myelinated axons triggers (unknown) stress signals that activate resident microglial cells. Above threshold or upon "secondary hits," as shown for *Cnp* heterozygous mice (Wieser et al., [2013](#glia23039-bib-0072){ref-type="ref"}), neuroinflammation in white matter tracts can also drive axonal degeneration, which generates a vicious circle of events that is relevant for neuropsychiatric diseases.

At the behavioural level, *Mbp^+/‐^* mice are still below threshold of a clear psychiatric disease phenotype, as evidenced by a comprehensive battery of tests, in which they exhibit normal basic behavior and higher brain functions including cognition. However, already at age 3 months they showed deficits of sensorimotor gating with reduced PPI, a physiological phenomenon shared between human patients with schizophrenia and rodent disease models (Swerdlow et al., [2008](#glia23039-bib-0060){ref-type="ref"}). The link between *Mbp* heterozygosity and PPI deficits is unclear, but is likely reflecting subtle myelin abnormalities and desynchronized impulse propagation. We note that also *Plp1* overexpressing mice share mild PPI deficits, but in the presence of other schizophrenia‐relevant defects (Tanaka et al., [2009](#glia23039-bib-0063){ref-type="ref"}). Another network disturbance (i.e. of a cerebellar reflex circuitry) of *Mbp^+/‐^* mice is indicated by the here observed reduction in the startle response. Interestingly, a similar phenomenon has been reported in a mouse model of chronic stress (Dirks et al., [2002](#glia23039-bib-0013){ref-type="ref"}). Most importantly, later in life, *Mbp^+/‐^* mice exhibit a catatonia‐like behavior that we have previously seen in *Cnp^+/‐^* mice upon aging (Hagemeyer et al., [2012](#glia23039-bib-0022){ref-type="ref"}), suggesting again that reduced Cnp expression and mild neuroinflammation, downstream of a slightly abnormal CNS myelin assembly, may predispose to this schizophrenia‐relevant frontal cortical phenotype.

In summary, the reduction of *Mbp*/Mbp induces subtle hypomyelination, accompanied by low‐grade inflammation, leading to cortical network dysfunction. This reveals that *Mbp*/Mbp decrease per se can be causative of psychiatric illness‐relevant phenotypes.
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